Key message C-terminally fused Strep-tag II is removed from rhuEPO expressed in tobacco plants. The finding suggests that direct fusion of purification tags at the C-terminus of rhuEPO should be avoided. Abstract Asialo-erythropoietin (asialo-EPO), a desialylated form of EPO, is a potent tissue-protective agent. Recently, we and others have exploited a low-cost plantbased expression system to produce recombinant human asialo-EPO (asialo-rhuEPO P ). To facilitate purification from plant extracts, Strep-tag II was engineered at the Cterminus of EPO. Although asialo-rhuEPO P was efficiently expressed in transgenic tobacco plants, affinity purification based on Strep-tag II did not result in the recovery of the protein. In this study, we investigated the stability of Streptag II tagged asialo-rhuEPO P expressed in tobacco plants to understand whether this fused tag is cleaved or inaccessible. Sequencing RT-PCR products confirmed that fused DNA sequences encoding Strep-tag II were properly transcribed, and three-dimensional protein structure model revealed that the tag must be fully accessible. However, Western blot analysis of leaf extracts and purified asialorhuEPO P revealed that the Strep-tag II was absent on the protein. Additionally, no peptide fragment containing Strep-tag II was identified in the LC-MS/MS analysis of purified protein further supporting that the affinity tag was absent on asialo-rhuEPO P . However, Strep-tag II was detected on asialo-rhuEPO P that was retained in the endoplasmic reticulum, suggesting that the Strep-tag II is removed during protein secretion or extraction. These findings together with recent reports that C-terminally fused Strep-tag II or IgG Fc domain are also removed from EPO in tobacco plants, suggest that its C-terminus may be highly susceptible to proteolysis in tobacco plants. Therefore, direct fusion of purification tags at the C-terminus of EPO should be avoided while expressing it in tobacco plants.
Introduction
Asialo-erythropoietin (asialo-rhuEPO) is an erythropoietin (EPO) derivative obtained by removal of sialic acid residues from mammalian cell-produced recombinant human EPO (rhuEPO M ) (Erbayraktar et al. 2003) . It is reported to be non-erythropoietic, but tissue protective (Erbayraktar et al. 2003) . It has been shown to protect brain, heart and kidneys from different injuries (Leist et al. 2004; Okada et al. 2007; Takeyama et al. 2012 ) without causing any adverse effects associated with its erythropoietic activity. Recent studies have also shown that asialo-rhuEPO can benefit diabetes patients by promoting b-cell growth (Choi et al. 2010 ). Since the current method for the production of asialo-rhuEPO from rhuEPO M by enzymatic desialylation is not economically viable, we (Kittur et al. , 2013 and Parson et al. (2012) stably co-expressed human EPO and b1,4-galactosyltransferase (GalT) genes in tobacco plants and moss, respectively, to produce asialo-rhuEPO P . These studies have demonstrated that asialo-rhuEPO can accumulate at high levels in transgenic plants (Parson et al. 2012; Kittur et al. 2013) , and that plants could be used as a bioreactor for the production of this medically important glycoprotein.
Following advances in optimization of EPO gene transcription and translation in plants, the focus is now shifted to downstream processing, which represents up to 80 % of overall production costs (Chen 2008; Wilken and Nikolov 2012) . Development of efficient extraction and purification processes is, therefore, essential for favorable economics. The most effective and commonly used method for protein purification is affinity purification, wherein the protein of interest is appended with a suitable affinity tag, and enriched by virtue of its specific binding properties to an immobilized ligand (Lichty et al. 2005) . This strategy was employed to facilitate purification of EPO from transgenic plant leaf tissues. The EPO polypeptide chain was C-terminally fused with a Strep-tag II (Conley et al. 2009; Jez et al. 2013) or an IgG Fc domain (Castilho et al. 2011 . Surprisingly, in all these studies, purification based on these tags did not result in the recovery of the protein from plant extracts. Castilho et al. (2013) observed that a large amount of Fc fragment accumulated in tobacco plants, suggesting that EPO-Fc fusion protein may be cleaved in plants. The fact that C-terminally His-tagged EPO (Debeljak et al. 2006) or EPO-Fc fusion protein (Lattenmayer et al. 2007 ) expressed in mammalian cells are stable suggests that C-terminal region of EPO may be susceptible to proteolysis only in plant cells. Furthermore, it is not known whether these tags are removed by proteolysis during protein secretion or extraction since unintended proteolysis has been recognized recently as a serious problem in utilizing plant-based platforms for the production of pharmaceutical proteins (Benchabane et al. 2008) .
In our recent asialo-rhuEPO expression study (Kittur et al. 2013) , EPO protein was appended with a C-terminal TEV protease cleavage site, a Strep-tag II, followed by an endoplasmic reticulum (ER) retention signal KDEL. Western blot analysis of transgenic tobacco plant leaf extracts showed high levels of asialo-rhuEPO P . However, our efforts to recover protein using the Strep-Tactin column failed, consistent with the observations made by others (Conley et al. 2009; Castilho et al. 2011 Castilho et al. , 2013 Jez et al. 2013) . In this study, we set out to determine the stability of Strep-tag II tagged asialo-rhuEPO P expressed in transgenic tobacco plants. The objective was to understand whether this fused tag is inaccessible or removed from the protein. If the Strep-tag II is removed, whether the removal of tag occurs in planta or ex planta.
Materials and methods

Plant materials
Leaf tissues harvested from greenhouse-grown transgenic tobacco line A56-5 with high expression of asialo-rhuEPO P (Kittur et al. 2013) were used for DNA, RNA and protein purification throughout the studies unless otherwise stated.
PCR and RT-PCR analyses
To confirm the presence of nucleotide sequences encoding TEV protease cleavage site, Strep-II tag and KDEL fused to the 3 0 -end of EPO gene sequence in transgenic plants, PCR was performed with primers EPOF: 5 0 -GCATGTGG ATAAAGCCGTCAGT-3 0 and NosTR: 5 0 -TATATGATAA TCATCGCAAGAC-3 0 . The genomic DNAs of transgenic tobacco leaves were isolated using DNeasy Plant Mini Kit (Qiagen, Germantown, MD, USA). Plasmid DNA CEJ902 containing EPO gene and genomic DNA isolated from transgenic tobacco plant containing GUS gene (A1K1) (Musa et al. 2009 ) were used as positive and negative controls, respectively. Either genomic DNA (100 ng) or plasmid DNA (10 ng) was used as template. RT-PCR was performed to detect EPO transcripts whether containing nucleotide sequences for TEV protease cleavage site, Strep-II tag and KDEL or not. The RNA samples were first isolated from transgenic tobacco leaves using RNeasy Plant Mini Kit (Qiagen) and used for making first strand cDNA by the High-Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions with the oligo(dT)18 primer. The subsequent PCR had the same reaction conditions as genomic DNA PCR except that cDNA made from 25 ng of original total RNA was used as template. The RT-PCR product was ligated to TA pCR Ò 2.1 vector (Invitrogen, Carlsbad, CA, USA) and sequenced by Eurofins Genomics (Huntsville, AL, USA).
Purification of asialo-rhuEPO P via Strep-tag II For purification of Strep-tag II tagged asialo-rhuEPO P , 200 g of leaf tissues were grounded into fine powder in liquid nitrogen, and extracted with 0.1 M Tris-HCl buffer (pH 8.0) containing 150 mM NaCl, 1 mM EDTA and plant protease inhibitor cocktail (Sigma-Aldrich, Saint Louis, MO, USA). The extract was then passed through a double layer of miracloth (EMD Millipore, Bellerica, MA, USA), followed by centrifugation at 20,000 g for 15 min to remove insoluble plant debris. The centrifugation step was repeated once to remove the remaining insolubles. The clear extract was then applied to a Strep-Tactin Sepharose column (5 ml, GE Healthcare Bio-Sciences, Pittsburgh, PA, USA), which had been equilibrated with 10 column volumes (CV) of 0.1 M Tris-HCl buffer (pH 8.0) containing 150 mM NaCl (binding buffer). After washing the column with 6 CV of the binding buffer, bound asialorhuEPO P was eluted with binding buffer containing 2.5 mM desthiobiotin. Asialo-rhuEPO P elution was monitored using a sandwich ELISA as described previously ).
Purification of asialo-rhuEPO P using ion-exchange and immunoaffinity chromatography To obtain pure asialo-rhuEPO P for Western blotting and LC-MS-MS analysis, the protein was purified from A56-5 leaf tissues using cation-exchange and immunoaffinity chromatography (IAC) (Kittur et al. 2014) . Briefly, 100 g of leaf tissue was extracted with 0.1 M acetate buffer (pH 5) containing 1 mM EDTA, 2 % PVPP and plant protease inhibitor cocktail. The extract was clarified by centrifugation and then applied to a SP Sepharose FF column. The asialo-rhuEPO P peak fractions were collected and further purified using an IAC column. Asialo-rhuEPO P in each IAC fraction was determined using a sandwich ELISA as described previously . Residual BSA in the purified fraction was removed using Melon TM gel BSA removal kit (Thermo Scientific, Waltham, MA, USA).
Microsomes isolation and apoplast protein extraction
Microsomes were isolated from fresh leaves of A56-5 transgenic tobacco plants following the method described by Bakker et al. (2006) . Microsomes were reconstituted in PBS before analysis by ELISA and Western blotting. For the apoplast protein extraction, a vacuum infiltration procedure described by Dani et al. (2005) was adopted with some modifications. Briefly, 2 cm 2 strips of leaf tissues were excised with a razor blade avoiding the major veins, washed with water and submerged in a chilled vacuum infiltration buffer (0.1 M sodium phosphate buffer, pH 6.5) placed in a vacuum flask. Vacuum was applied for 75 s to remove the gas from the apoplastic spaces. The flask was shaken during evacuation to remove air bubbles from the leaf surfaces. The vacuum was released gradually; then excess buffer was removed by drying the leaf strips with Kimwipe tissues. Leaf strips were carefully rolled into a swiss-roll cylinder. Cylinders with leaf tissues were centrifuged on VivaSpin Ò 20 centrifugal devices fitted with wire mesh inserts (made in the lab) at 900 g for 10 min at 4°C. The vacuum infiltrate (VI) was collected at the bottom of the tubes. Since the protein concentration of VI was low, it was concentrated using a Vivaspin Ò 2 10 kD cut off centrifugal device. The concentrate was stored at -20°C until analysis by ELISA.
SDS-PAGE and LC-MS/MS analysis
Immunoaffinity purified asialo-rhuEPO P was separated on a 12.5 % SDS-PAGE gel under reducing conditions following method described by Laemmli (1970) . After protein separation, the gel was stained with Coomassie brilliant blue. A 30 kD band corresponding to asialo-rhuEPO P was excised, and processed at Duke University Proteomics Facility to identify EPO peptides using LC-MS/MS following digestion with trypsin.
Western blot analysis
For Western blot analysis, the crude extracts, microsomes, and purified asialo-rhuEPO P were first separated on a 12.5 % SDS-PAGE gel as described above. Following separation, the proteins were transferred into a PVDF membrane using a CAPS (pH 11) transfer buffer. The blots were then blocked with 5 % BSA in 1X PBST for 1 h at room temperature. For detection of Strep-tag II, the blot was incubated with a mouse monoclonal anti-Strep-tag II antibody (EMD Millipore, Bellerica, MA, USA) at a dilution of 1:1000 in 5 % BSA in 1X PBST overnight at 4°C. Five to 15 ng recombinant human protein Jumonji Domain Containing 2E (JMJD2E) with Strep-tag II (JMJD2E?Strep-tag II) (Cayman Chemicals, Ann Arbor, MI, USA) was used as a positive control, whereas rhuEPO M without Strep-tag II tag was used as a negative control. After incubating the blot with the above antibody, the blot was washed thrice for 10 min each with 1X PBST. Anti-mouse secondary antibody conjugated to horse radish peroxidase (1:2000 diluted in 1X PBST containing 5 % BSA) was then added and incubated at room temperature for 1 h. Following washing with 1X PBST, the immunoreactive bands were revealed using a Super Signal West Pico chemiluminescent substrate (Thermo Scientific, Waltham, MA, USA). The blot was then stripped and probed with anti-EPO antibody as described previously ) to reveal asialo-rhuEPO P .
Protein structure modeling
To generate a three-dimensional homology model of EPO containing the synthetic peptide, the protein sequence was Plant Cell Rep (2015) 34:507-516 509 submitted to The Protein Model Portal (http://www.pro teinmodelportal.org) (Haas et al. 2013) . The portal attempts to obtain homology model from different automated structure prediction tools. Among them, the homology model generated by HHpred (Söding et al. 2005) was used for further analysis. The HHpred implements protein sequence comparison of profile hidden markov models (HMMs), which is sensitive in identifying homologs to select template structures and generates homology model utilizing the MODELLER package (Sali et al. 1995) . The quality of the structural models was assessed with PRO-CHECK (Laskowski et al. 1993) . Superimposition of structures and rendering figures was performed with the molecular modeling software Chimera (Pettersen et al. 2004) .
Results and discussion
Plants lack sialylating capacity (Wee et al. 1998 ), but can perform complex N-glycosylation (Gomord and Faye 2004) . We exploited this unique property of plant-based expression system to express asialo-rhuEPO (Kittur et al. , 2013 . The expression levels of asialo-rhuEPO P reached 2.4 lg/g of fresh leaf tissue in the highest expressing transgenic tobacco line (Kittur et al. 2013) . To facilitate purification, Strep-tag II was fused to the C-terminus of EPO while a TEV protease cleavage site was also engineered to aid in the removal of tag after purification and a KDEL sequence was appended after Strep-tag II to retain the protein in the ER (Kittur et al. 2013 ). Strep-tag II was selected because it is short, biologically inert, and proteolytically stable (Schimdt and Skerra 2007) . It exhibits intrinsic affinity towards Strep-Tactin, a specifically engineered streptavidin. By exploiting the highly specific interaction, Strep-tag II fused proteins can be isolated in one step from crude extracts under gentle conditions, which is especially suited for purification of functional proteins. To purify asialo-rhuEPO P , leaf extracts of transgenic line A56-5 containing *66 lg of asialorhuEPO P (as determined by ELISA) were applied to a Strep-Tactin Sepharose column. Figure 1a shows the elution profile of asialo-rhuEPO P . As is seen, the total calculated asialo-rhuEPO P collected from fraction 8, 9, 10 and 11 was about 1.6 lg. These results indicate that only 2.4 % of asialo-rhuEPO P was recovered from the Strep-Tactin Sepharose column. Since it is known that plants contain high levels of free and conjugated biotin (Baldet et al. 1993) , and that biotin can irreversibly inactivate StrepTactin, we suspected that biotin may be responsible for poor binding of asialo-rhuEPO P to Strep-Tactin Sepharose column. To rule out this possibility, asialo-rhuEPO P was first precipitated with 70 % ammonium sulfate to remove free biotin. The precipitated asialo-rhuEPO P was then dissolved in Strep-Tactin binding buffer and applied to the column. Despite the removal of free biotin, binding of asialo-rhuEPO P to the Strep-Tactin Sepharose column did not improve; only 3 % was recovered (data not shown). In another experiment, purified asialo-rhuEPO P (as described in ''Materials and methods'' section) which was devoid of free and conjugated biotin was applied to the column. Only small amount of asialo-rhuEPO P was bound to the column, whereas the rest was seen in pass through and wash fractions (Fig. 1b) . Based on the quantification from ELISA, only about 4 % of pure asialo-rhuEPO P recovered from the column. These results indicate that free or conjugated biotin was not responsible for poor binding of asialo-rhu-EPO P to the Strep-Tactin Sepharose column. Previous studies have also shown that EPO-Strep-tag II fusion protein expressed in tobacco plants could not be recovered using Strep-Tactin (Conley et al. 2009; Jez et al. 2013) . Our results together with previous reports suggest that Strep-tag II on rhuEPO is either inaccessible or not present on the protein.
The possibility that the Strep-tag II is inaccessible to Strep-Tactin is very unlikely because crystallographic studies (Syed et al. 1998 ) have shown that the extreme Cterminus (Arg 162 -Arg 166 ) of EPO protrudes out of the compact protein core and is fully exposed (Fig. 2a) . Furthermore, EPO expressed in mammalian cells with a Cterminal His-tag has been reported to readily bind to the Nickel column (Debeljak et al. 2006) , indicating that the Cterminus is fully accessible. In some cases, however, fusion of certain affinity tags has been reported to alter protein conformation and activity (Sabaty et al. 2013; Majorek et al. 2014) . It is, therefore, possible that the synthetic peptide containing Strep-tag II, TEV protease cleavage site and an ER retention signal may affect the conformation of EPO such that the Strep-tag II becomes less accessible to Strep-Tactin. To investigate this possibility, we generated a three-dimensional homology model of EPO containing the synthetic peptide using HHpred. The HMMs profile-based sequence search identified human EPO with high significance, and the homology model was generated using the crystal structure of EPO protein (PDB-ID: 1EER, chain A) (Syed et al. 1998 ). Analysis of the predicted structure showed 94 % of amino acids in the allowed region of the Ramachandran plot which is comparable to 96 % of amino acids in the allowed region for the template structure. The predicted three-dimensional model indicated that the synthetic peptide, like the native C-terminus of EPO protein (Fig. 2a) , remains flexible and fully exposed (Fig. 2b) . Furthermore, superimposing it with native EPO structure (Fig. 2a ) using molecular modeling software Chimera gave a RMSD value of 0.2 Å , indicating that the main chain conformation of EPO protein is unaffected by the fusion of synthetic peptide (Fig. 2c) . The above analysis suggests that fused synthetic peptide does not alter the EPO structure, and that the synthetic peptide containing Strep-tag II could be still fully exposed. Therefore, it is very unlikely that the C-terminally fused Strep-tag II on asialo-rhuEPO P is inaccessible to Strep-Tactin.
The other possibility that can explain the lack of binding of asialo-rhuEPO P to Strep-Tactin is the absence of Streptag II on the protein. This could happen because of two reasons: (a) the truncation of EPO gene during integration into plant genome or transcription; (b) proteolytic removal of Strep-tag II. To rule out the likelihood of gene truncation, a forward primer (EPOF) based on EPO sequence and a reverse primer (NosTR) based on Nos terminator were designed and used to amplify genomic DNA sequences containing the synthetic peptide sequences (Fig. 3a) . A PCR product of *500 bp was amplified from transgenic tobacco line A56-5 harboring the transgene containing the synthetic peptide sequences (Fig. 3b, lane 2) . The size of genomic PCR product was same as that of a PCR product amplified from plasmid DNA containing the sequence encoding EPO-Strep-tag II fusion protein (Fig. 3b, lane 3) . These results indicate that the EPO, including the sequences encoding the synthetic peptide, was incorporated into plant genome. To determine whether Strep-tag II was lost because of the generation of partial EPO transcripts, RT-PCR was performed on total RNA isolated from transgenic tobacco line A56-5 with same set of primers used above. A *500 bp RT-PCR product was amplified (Fig. 3c) and subsequently sequenced. The results showed that nucleotide sequences encoding TEV protease cleavage site, Strep-tag II and ER retention signal were present in the EPO transcript (Fig. 3d) , indicating that EPO with built in nucleotide sequences coding for the synthetic peptide was fully transcribed.
The above results implies that Strep-tag II may be absent on asialo-rhuEPO P . To investigate this possibility, Western blot analysis was performed on crude plant extracts and purified asialo-rhuEPO P from transgenic line A56-5. JMJD2E?Strep-tag II was used as a positive control. Western results showed that as low as 5 ng of JMJD2E?Strep-tag II could be detected using mouse monoclonal anti-Strep-tag II antibody (Fig. 4, upper panel) . In the crude protein extracts prepared from A56-5 transgenic line, however, no signals were detected (Fig. 4 , upper panel) even though the samples had 5, 10 and 15 ng of asialo-rhuEPO P (determined by sandwich ELISA). When the blot was stripped and probed with mouse monoclonal anti-EPO antibody, robust EPO protein signals were detected in crude plant extracts containing 5, 10 and 15 ng of asialo-rhuEPO P (Fig. 4, lower panel) , suggesting that Strep-tag II may be absent on asialo-rhuEPO P . Since it is known that different proteins with same affinity tag are detected with different sensitivities (Debeljak et al. 2006) , we used 35 ng of purified asialo-rhuEPO P for Western blot analysis to rule out the possibility of lack of detection resulting from insufficient protein loading and/or interference from other components present in the crude protein extracts. Ten nanograms each of JMJD2E?Strep-tag II and mammalian cell-made recombinant human EPO (rhu-EPO M ) were used as positive and negative controls, respectively. When the blot was probed with anti-Streptag II antibody, a robust signal was detected only for JMJD2E?Strep-tag II (Fig. 5, upper panel, lane 1) ; whereas, no signal was detected for purified asialo-rhuEPO P (Fig. 5 , upper panel, lane 2) and rhuEPO M (Fig. 5, upper  panel, lane 3) . Re-probing the blot with anti-EPO antibody, however, showed robust signal corresponding to three EPO glycoforms of purified asialo-rhuEPO P (Fig. 5 , lower panel, lane 2) as reported previously (Kittur et al. 2013 ). These results suggest that Strep-tag II is absent on asialo-rhu-EPO P , and could have been removed by proteolysis. To further investigate the absence of Strep-tag II on asialo-rhuEPO P , LC-MS/MS analysis was performed on purified protein. A 30 kD band corresponding to one of the major bands of asialo-rhuEPO P (Kittur et al. 2014 ) was excised from SDS-PAGE gel and subjected to LC-MS/MS analysis after trypsin digestion. The idea was that if EPO had an intact synthetic peptide with Strep-tag II as indicated in Fig. 3a , we would expect to see a peptide ENLY-FQGWSHPQFEK. If only Strep-tag II is removed by proteolysis, we would expect to see peptide ENLYFQ. Therefore, LC-MS/MS analysis after trypsin digestion could be used to differentiate between full-length asialo-rhuEPO P with Strep-tag II and its truncated version lacking Strep-tag II. Eight peptides NFYAWK, RMEVGQQAVEVWQGLA LLSEAVLR, MEVGQQAVEVWQGLALLSEAVLR, EAI SPPDAASAAPLR, TITADTFR, TITADTFRK, VYSNFLR and LYTGEACR corresponding to 46-52, 53-76, 54-76, 117-131, 132-139, 132-140, 144-150 and 155-162 positions in the mature human EPO protein sequences (Supplemental Fig. 1i ) could be identified from the MS/MS spectra of tryptic peptides (Supplemental Fig. 1a-h ). Neither ENLYFQGWSHPQFEK nor ENLYFQ was identified. The peptide LYTGEACR corresponding to 155-162 position in the mature EPO protein was identified as the C-terminal most peptide. Interestingly, the same C-terminal peptide was also identified in 30 and 28 kD asialo-rhuEPO P bands (glycoforms) in our previous study (Kittur et al. 2013 ). In addition to synthetic peptide, the Thr 163 -Arg 166 region of EPO was found to be missing in both our present and previous studies (Kittur et al. 2013) . These results further confirm that the Strep-tag II was absent on asialo-rhuEPO P , and that it possibly has been removed by proteolytic cleavage in the Thr 163 -Arg 166 region of EPO. A number of mammalian proteins expressed in tobacco plants have been shown to undergo extensive proteolysis both in planta (such as in the ER and apoplast) and during tissue disruption/extraction (Schiermeyer et al. 2005; Benchabane et al. 2009; Hehle et al. 2011) . To investigate whether removal of Strep-tag II occurred in planta, microsomes and apoplastic fluid (AF) from A56-5 were isolated for Western blot analysis. ELISA was performed prior to Western blotting to check the presence of asialorhuEPO P in these fractions. The results showed that asialorhuEPO P was present only in the ER fraction, but not in the AF (data not shown). Absence of asialo-rhuEPO P in the AF could be due to retention of protein in the ER because of the presence of KDEL sequence. For this reason, only microsomal fraction was used for Western blot analysis to detect Strep-tag II on asialo-rhuEPO P . The results showed a strong protein signal in microsomal fraction when the blot was probed with anti-Strep-tag II antibody (Fig. 6, upper panel, lane 2) . An immunoreactive band of same size was also detected when the blot was stripped and probed with anti-EPO antibody (Fig. 6 , lower panel, lane 2). These results indicate that the Strep-tag II was present on asialorhuEPO P , while it was retained in the ER. To examine whether the compact protein core of EPO, in addition to synthetic peptide, is also susceptible to proteolysis under the conditions of protein extraction, the stability of asialo-rhuEPO P in the presence and absence of protease inhibitors was investigated. Asialo-rhuEPO P was extracted in acetate buffer (pH 5.0) with or without plant protease inhibitor cocktail. During indicated intervals of incubation periods (Fig. 7) , 50 ll of extracts from each time point was withdrawn and analyzed by Western blotting. A total protein extract (TPE) was also prepared by boiling the A56-5 leaf tissue (50 mg) directly with 200 ll of 4X SDS sample buffer. The results of Western blot analysis showed no differences in the electrophoretic mobility of asialo-rhuEPO P band even after 12 h of incubation at 4°C irrespective of the presence or absence of protease inhibitors (Fig. 7) . These results indicate that compact protein core of asialo-rhuEPO P is resistant to proteolysis, most likely due to the presence of three Nglycosylation chains (at sites Asn 24 , Asn 38 and Asn 83 ) all located in the compact core of the protein (Lai et al. 1986; Yamaguchi et al. 1991) , thereby shielding the protein core from proteases. These results also suggest that only synthetic peptide and the exposed C-terminus region may be susceptible to proteolysis.
In recent years, unintended proteolysis has been recognized as a serious problem in utilizing plant-based platforms for the production of pharmaceutical proteins (Benchabane et al. 2008) . Plant genomes are known to encode hundreds of proteases, which play important roles in regulating embryogenesis, seed coat formation, epidermal cell fate, chloroplast biogenesis, and local and systemic defense responses (van der Hoorn 2008). These, however, pose significant challenge to efficient production of recombinant proteins in plants. Proteolysis can result in either complete destruction or only partial trimming of recombinant protein depending on the number of protease ''susceptible'' cleavage sites within the protein that are accessible to plant proteases. Our results (see Fig. 7 ) indicate that the compact protein core of EPO is resistant to proteolysis during extraction because of the presence of N-glycan chains. The extreme C-terminal region (Arg 162 -Arg 166 ) of EPO and the fused synthetic peptide are fully exposed (Fig. 2a, b) , which are readily accessible to plant protease(s) and could be protease ''susceptible'' cleavage site(s) in asialo-rhuEPO P . It is possible that the Strep-tag II was lost by proteolytic cleavage either in the extreme C-terminal region (Arg 162 -Arg 166 ) of EPO or within the tag itself. Since Strep-tag II has been shown to be proteolytically stable in other recombinant proteins expressed in plants (Witte et al. 2004; Noel et al. 2007; Werner et al. 2008) , we speculate that the loss of affinity tag might have occurred as a result of proteolytic cleavage in the extreme C-terminal region (Arg 162 -Arg 166 ) of EPO. In a recent study, Castilho et al. (2013) reported that amino acid changes in the hinge region of Fc fragment or mutating Arg 166 of EPO to prevent the breakdown of EPO-Fc fusion proteins in tobacco plants were not successful. Their study suggests that the protease susceptible site must be in the EPO, but away from the Arg 166 . The C-terminal Arg 166 is reported to be absent (removed proteolytically) in natural urinary EPO and rhu-EPO expressed in mammalian cells (Recny et al. 1987) . No such modification, however, has been reported yet for rhuEPO expressed in plants. It is very unlikely that the cleavage of EPO-Fc fusion protein occurred as a result of peptide bond hydrolysis at Arg 166 because manipulations at this residue were not able to prevent breakdown of EPO-Fc fusion protein in tobacco plants peptide_cutter/) was performed. The results showed cutting sites for Arg-C proteinase and Asp-N endopeptidase. As mentioned earlier, plant genomes are known to encode hundreds of proteases, including arginine/lysine-specific proteases (Vercammon et al. 2004; Watanabe and Lam 2005) . Arginine/lysine-specific proteases have been shown to be directly involved in the degradation of Sea Anemone protease inhibitor equistatin expressed in potato plants (Outchkourov et al. 2003) . We, therefore, speculate that the Arg 162 -Arg 166 region of EPO may be target of plant arginine/lysine-specific proteases. A detail study, however, is warranted to identify the exact cleavage site in EPO, and the protease(s) responsible for proteolysis.
Proteolytic degradation of recombinant proteins in plants remains a major challenge, despite numerous strategies involving targeting the transgene expression in specific tissue or cellular organelle, stabilizing recombinant protein by fusing with a protein stabilizing domain, co-expressing with protease inhibitor or rational engineering of protein variant with improved resistance to plant proteases are being considered (Benchabane et al. 2008) . For the rational design of protein variants with improved resistance to plant proteases, knowledge on protease susceptible sites within the protein is essential. Our results suggest that the extreme C-terminal region (Arg 162 -Arg 166 ) of EPO may be susceptible to proteolysis in tobacco plants. It has been reported that the Thr 163 -Arg 166 region of EPO is not important for its hematopoietic activity (Wen et al. 1994) . We have also observed that asialo-rhuEPO P lacking this region display even better cytoprotective effects than rhuEPO M (Kittur et al. 2013) . Therefore, altering this region by site directed mutagenesis or deleting this region and then appending the purification tags immediately after Arg 162 could be a good strategy to prevent the removal of purification tags by proteolysis when EPO is expressed in plants. Western blot analysis to detect stability of asialo-rhuEPO P in crude protein extracts made with acetate buffer (pH 5). Crude protein extracts of A56-5 transgenic line (containing 35 lg proteins) with and without protease inhibitors (PI) were incubated at 4°C for indicated interval of time. The samples were then boiled with 4X SDS-PAGE sample buffer. These together with total protein extract (TPE) and rhuEPO M (positive control, 10 ng) were applied onto a 12.5 % SDS-PAGE gel. The blot was probed with mouse anti-EPO antibody
